Summary. The ascent of a hot spherical body through a fluid with a strongly temperature-dependent viscosity has been studied using an axisymmetric finite element method. Numerical solutions range over Peclet numbers of lo-' -lo3 from constant viscosity up to viscosity variations of 10'. Both rigid and stress-free boundary conditions were applied at the surface of the sphere. The dependence of drag on viscosity variation was shown to have no dependence on the stress boundary condition except for a Stokes flow scaling factor. A Nusselt number parameterization based on the stress-free constant viscosity functional dependence on the Peclet number scaled by a parameter depending on the viscosity structure fits both stress-free and rigid boundary condition data above viscosity variations of 100. The temperature scale height was determined as a function of sphere radius. For the simple physical model studied in this paper pre-heating is required to reduce the ambient viscosity of the country rock to less than cm2 s-l in order for a 10 km diapir to penetrate a distance of several radii.
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Stokes flow around a sphere (see Batchelor 1967) , one can show that a diapir surrounded by a constant viscosity medium would rise only a fraction of its radius before solidifying. However, Grout (1945) was the first to speculate that the 'lubricating' effect of the strongly temperature-dependent rheology of the surrounding country rock would enable magma to reach the surface in the form of diapirs. In a series of articles Marsh (1978 Marsh ( , 1979a Marsh ( , b, 1982 has used a phenomenological approach to assess the ability of andesitic magma to penetrate from the Benioff zone through the lithosphere in the form of diapirs. In order to quantify the effects of temperature-dependent viscosity on the ability of a diapir to penetrate through a high viscosity region, Morris (1982) studied an analogous problem involving the squeezing of a fluid between plates using a boundary layer approach. Although the drag was reduced compared to the constant viscosity results, he found that the variable viscosity flow was more efficient at transporting heat. Therefore, even in a strongly temperature-dependent viscosity flow a diapir would rise only one or two diameters before losing its initial heat. Ribe (1983) has also studied the effects of temperature-dependent viscosity on the drag and heat transport characteristics of heated metal spheres dropped into a tank of Lyle's 'Golden Syrup'. The experiments covered a range of Peclet numbers from 1 to 60 and viscosity variations up to a factor of lo6. Although there was a large reduction in drag as a function of viscosity variation, Ribe found no dependence of heat transport on viscosity variation for the low Nusselt numbers (< 3) measured in his experiments.
In this paper we present the results of a numerical study of hot non-deformable spherical diapirs in a strongly temperature-dependent viscosity medium. The calculations were run using an axisymmetric finite element method. There are several reasons for studying this problem numerically in light of the laboratory results of Ribe (1983) and the asymptotic results of Morns (1982) . Our solutions are obtained for a different geometry and are in a parameter range where the asymptotic boundary layer analysis cannot be directly applied. The numerical solutions present a more detailed account of the flow structure than is possible in the laboratory experiments. Also a more realistic free-slip boundary condition at the surface of the diapir can be imposed along with the no-slip boundary condition to which the laboratory experiments are confined.
We have completed a study of spherical diapirs in the parameter range of Peclet number from lo-' to lo3 and viscosity variations up to 10'. The drag is reduced as the viscosity variation is increased in excellent agreement with the laboratory experiments (Ribe 1983) . Also, the drag is shown to be a function of a single parameter which depends on the deformation layer thickness and viscosity variation in agreement with the boundary layer analysis (Morris 1982) . The Nusselt numbers obtained from the numerical experiments were found to depend on the viscosity variation in agreement with the asymptotic results of Morris (1982) and the laboratory results of Ansari & Morris (1 983) . However, Ribe (1 983) found no dependence of Nusselt number on viscosity variation. A power law relationship between Nusselt number, Peclet number and viscosity variation has also been obtained.
Although the drag has been reduced with increased viscosity variation, the heat transport also increases, causing the diapir to cool more rapidly. The penetration length before a diapir would lose a large fraction of its initial heat is increased compared to the constant viscosity case but is still only of the order of a sphere radius over the parameter range studied. This suggests the importance of mechanisms such as pre-heating and shape on the ability of a diapir to penetrate through a distance which is of geophysical significance.
Ascent of a hot diapir 659 can be described as a Newtonian fluid with a strongly temperature-dependent viscosity. NonNewtonian behaviour may have some influence on the ascent velocity of a diapir (Anderson 1981a, b; Marsh & Morris 1981) but its effect will still be highly influenced by the temperature dependence of the rheology. It is thus important to start with the physically less complicated Newtonian model to gain insight into the influence of variable viscosity. The diapir itself is modelled as a non-deformable sphere with either a no-slip or a stress-free boundary condition at the surface. Only axisymmetric motions will be considered. The Prandtl number of the fluid is assumed to be infinite and the Boussinesq approximation will be used. The mathematical model set up to simulate diapiric ascent in these numerical experiments is depicted in Fig. 1 . A well-mixed spherical diapir of radius a and constant temperature T I moves at a constant vertical velocity U through a fluid of thermal diffusivity K g and viscosity v(T). The viscosity is a function of temperature. No fluid motions are allowed within the sphere. The constant temperature boundary condition at the surface is equivalent to assuming an extremely efficient heat transport mechanism within the sphere (i.e. a wellmixed sphere). Since the numerical approach is constrained to a finite domain, the sphere lies within a cylindrical container of fluid whose boundary at radius, rl , is held at a constant temperature, T o . A viscosity o f the form:
was used in these experiments, where v, is the viscosity at r l . Following the notation of Ribe (1983) , we will describe viscosity variations in terms of the parameter, y , which is defined as the log,, of the total viscosity variation:
where AT = (TI-To).
Buoyancy effects in the surrounding fluid will be neglected which is equivalent to setting the Rayleigh number equal to zero.
TO -
P e = U a -K Figure 1 . Model of a hot sphere at temperature T , with radius u and vertical velocity, U , rising in a temperaturedependent viscosity fluid. The temperature far from the sphere is equal to To with viscosity v, = v ( To). Pe is the Peclet number and K the thermal diffusivity.
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The equations of motion will be non-dimensionalized using the parameters:
where primes denote dimensional quantities.
parameters on which the solutions depend. The Peclet number is defined as:
With the above assumptions there are three non-dimensional combinations of the
Pe provides a measure of the relative importance of advection to diffusion in the thermal equation. Another important parameter is 7, which determines the strength of the viscosity variation. The third parameter is the ratio of the sphere radius to the cylindrical wall radius, a / r , . For the range of values covered in the numerical experiments u/rl is of importance only in the constant viscosity limit or in the limit of low Peclet numbers (i.e. Pe 5 1). The solution is also characterized by the form of the velocity boundary condition on the surface of the sphere. One would expect that a free-slip boundary condition is more appropriate to the geophysical problem of interest, however, for completeness both free-slip and no-slip boundary conditions have been applied. In an axisymmetric coordinate system the thermal equation using the above assumptions has the following nondimensional form:
In the actual calculations we scale the velocity as u The momentum equation is given by:
where p is the pressure and u is the deviatoric stress tensor. The components of the stress tensor are the following:
where r and z are the usual cylindrical coordinates. The finite element technique used in tlvs study consists of a penalty function formulation for the momentum equation (Hughes 1979; Hughes, Liu & Brooks 1979a ). This consists of Ascent of a hot diapir 661 replacing the pressure in equation (6) by: where A is a large parameter. Effectively this is equivalent to allowing a slight compressibility in the fluid. As A increases t h s solution converges on the fully incompressible solution. In general A is a word length dependent constant which in the present study was set to lo' for our calculations on a Vax 1 1-780. Bilinear isoparametric shape functions were used for the integration over the elements. An upwind Petrov-Galerkin method was employed in the solution to the heat diffusion-advection equation (Brooks 198 1). An implicit-explicit time stepping capability (Hughes, Pister & Taylor 1979b) was also set up. This latter capability allows an extremely efficient solution of steady state convection problems compaied to fully explicit techniques used elsewhere. All of the steady state axisymmetric numerical calculations presented here were obtained using the implicit time stepping.
One important result of these calculations is the dependence of drag on Peclet number and viscosity variation. The drag is given by the integral of the normal force over the surface of the sphere:
I where 0 is the polar angle measured from the z-axis and 4 is the azimuthal angle, F, is the normal force, 1 is the unit vector along the z-axis, and s refers to integration over the surface of the sphere. Equation (9) can be written in non-dimensional form as:
where Di is the constant viscosity Stokes flow value of the drag on the surface of the sphere (see Batchelor (1967) :
(no-slip boundary)
Substituting these expressions into equation (9) we get:
where co = {1/2 (free-slip boundary). The stresses are non-dimensionalized using u, U/a. Equation (1 3) is evaluated by numerical integration for a given calculation.
The other important mean property of the flow to be derived from these calculations is the Nusselt number defined as the ratio of the total heat transported, including advection, from the surface of the sphere to the heat transported in the conductive state. The Nusselt number is given by:
I, sinQdOd4 An example of a 28 x 50 finite element grid used in the calculations is shown in Fig. 2 . This grid (Gl) consists of 28 elements in the angular direction from 0 to 71. There are 50 elements along a radius vector measured from the centre of the sphere. Sides 3 , 4 and 5 are at a distance of 8a from the centre. All of the free sphere calculations were obtained on this grid with one exception. The solutions, with analytical boundary conditions applied (Fig. 7) , were run on a 28 x 25 grid with r l / a = 3.937 (side 4) and side 3 at a distance of 4a from the centre of the sphere. In this grid 33 elements were placed along a radius vector in front of the sphere and side 5 was at a distance of 8a. This latter grid will be referred to as G2. Grid G1 was used for rigid sphere calculations with: y = 3 and Pe = 0.1, 40, 100; y = 4 and Pe = 0.1; y = 5 and Pe = 0.1. All other rigid sphere calculations were obtained on G2. The boundary conditions along the axis at r = 0 (sides 1 and 2 ) are: 
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Side 5 lies ahead of the sphere and the boundary conditions are:
Side 3 is a stress-free surface with boundary conditions:
aZ Other boundary conditions were applied along side 3 such as a constant temperature and a no-slip boundary with no appreciable effect on the drag and Nusselt number. Hence, the solutions do not depend critically on the structure of the tail region. If, however, in the constant viscosity case on grid G2 with a no-slip boundary condition on the sphere, side 3 was moved from z = -4a to z = -1.2% the drag was progressively reduced in value by 14 per cent. Moving side 3 from z = -4a to z = -6a had no effect on the solutions. Side 4 is the wall of the cylindrical container with boundary conditions:
In grid G1 sides 3 and 4 were placed at z = -8a and r = 8a, respectively, in order to minimize the thermal effects of the wall at low Peclet numbers. Finally, the boundary conditions along the surface of the sphere (side 6) were set to:
where u, is the normal velocity and ut the tangential velocity. In the free-slip case boundary conditions (equation 19) were applied using roller nodes described by Liu (1980) . Several other higher resolution grids with the same geometry as grid G2 were used to check the convergence of the numerical solutions. The values of drag and Nusselt number obtained on grids with 56 elements in the angular direction instead of 28 or with 50 elements in the radial direction instead of 25, differed by less than 1 per cent from the results calculated using the 28 x 25 grid. The grids used (i.e. Fig. 2) were also non-linear along a radius vector from the centre of the sphere. This provides more finely spaced elements close to the surface of the sphere in order to resolve the thermal boundary layer adequately and, in particular, the viscosity gradients associated with temperature-dependent viscosity. In the next section, we discuss the results of numerical calculations with constant viscosity to provide a baseline for the variable viscosity results and also to provide a check on the numerical resolution and accuracy.
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Constant viscosity
If the viscosity of the fluid surrounding the diapir is constant an analytical solution for the flow around a sphere can be found (Batchelor 1967 ). If we then specify the analytical solution along the boundaries of the grid shown in Fig. 2 as sides 3 , 4 and 5, we can compare the analytical velocities and drag to those obtained numerically by solving equation (6). For a no-slip boundary condition on the sphere the normal force is constant and the drag is given by equation (1 1). The calculated normal force was constant to approximately 1 per cent when 28 elements were used in the angular direction. The ratio of the drag obtained numerically on the grid shown in Fig. 2 to the analytical result is:
S. F. Daly and A. Raefsky
For a free-slip surface the normal force on the sphere is no longer constant. In this case we have specified the tangential stress to be zero along the surface of the sphere and calculated the velocities at the surface numerically. The normal force:
is compared in Fig. 3 to the analytical solution. This exceptionally good agreement suggests that the numerical scheme is accurate for solving the momentum equation. The ratio of the numerical to the analytical drag for the free-slip case is given by:
The variable viscosity experiments are not solved in an infinite domain but rather in a cylindrical region of radius rl . As indicated below, side wall effects can be significant in the constant viscosity case, but are only important at low Peclet numbers in the variable viscosity case over the range of our experiments. We have investigated side wall effects in the constant viscosity case when the sphere has a rigid surface by imposing rigid boundary conditions at the front (side 5) and sidewall (side 4) and a free boundary condition at the back wall (side 3). The front boundary was positioned at z = 8a and the cylindrical radius was varied from rl = 2a to rl = &. The distance from the sphere to the back free surface was also allowed to vary from z = -1.252 to -6a. Defining a wall correction factor K by the ratio of the drag on the sphere in the presence of side walls to the drag in an infinite medium, we can plot it as a function of a/rl as shown in Fig. 4 . For comparison, the asymptotic results given by Happel & Brenner (1973) for a rigid sphere falling through an infinitely long cylinder are plotted in Fig. 4 along with the numerical results. When the surface behind the sphere (side 3) is at a position z > -4a there is no difference between the numerical and asymptotic results. However, when the free surface in back of the sphere is moved to z = -2a or -1 . 2 5~ the correction factor, K , is reduced slightly compared to the asymptotic results which is consistent with the results described by Happel & Brenner (1973). This is a further check on the ability of the numerical technique to reproduce analytical or asymptotic constant viscosity results to a high degree of accuracy. Steady state temperature contours are given in Fig. 5 for Peclet numbers of 0.1, 1, 10, and 100. At a Peclet number of 0.1 the heat loss is dominated by conductive transport and the isotherms are approximately radially symmetric. There is no thermal boundary layer and the temperature distribution is determined by the geometry (i.e. the sphere radius and the radius of the cylindrical cavity). When the Peclet number equals 1, advection is of the same order as diffusion and the temperature is now more asymmetrical. The thickness of the thermal boundary layer is determined by the sphere radius. At a Peclet number of 10, the thermal boundary layer is well developed along with a long tail or wake region. By the time the Peclet number reaches 100 a very narrow thermal boundary layer has developed. The distance along the axis in front of the sphere where the temperature decays to l/e of its value at the surface is defined as the thermal boundary layer thickness, tiT (Fig. 6a) . Using this definition the following relationships between ti^ and the Peclet number (Fig. 6b) The constant viscosity heat transport results are summarized in Fig. 7 which is a plot of Nusselt number versus Peclet number times drag. Both free-slip and no-slip calculations are included. Data points marked by crosses in Fig. 7 are the results from calculations where the analytical Stokes flow solution was imposed along the cylindrical wall and along the surfaces at z = 8a and -4a. The non-dimensional drag is equal to one for these boundary conditions so in this case Nu is plotted versus Pe. However, when a constant velocity boundary Ascent of a hot diapir condition is imposed on the cylindrical wall (equation IS), the drag at the surface of the sphere increases as discussed previously. The velocities within the thermal boundary have therefore increased, which results in higher values of the Nusselt number at a given Pe compared to Stokes flow. As discussed in Ribe (1983) if the drag is set equal to the buoyancy of the sphere the following expressions occur: In the above expression,g is gravity and Ap is the difference in density between the diapir and the surrounding fluid. Hence PeD is a measure of the non-dimensional buoyancy. When the cylindrical side walls are present (A in Fig. 7 ) the functional relationship between Nusselt number and buoyancy is identical to that of a sphere rising through an infinite medium.
Several asymptotic results on the heat transfer from spheres moving through a constant viscosity fluid are available with which to compare the numerical results. The solid curve plotted in Fig. 7 is a fit to the free-slip case given by:
Nu -0.45 Pel/' (free-slip, asymptotic) (2 6) which is in excellent agreement with the large Pe number asymptotic result o f derived by Levich (1962) , and as suggested by matching small and large Pe results (Marsh 1982) . This series of numerical experiments provides an estimate of the first coefficient 
The overall agreement with the predictions of the asymptotic theory is therefore quite impressive.
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These comparisons give us confidence that the numerical solutions of the thermal advection-diffusion equation (equation 5) are adequately resolved by the finite element technique we are using. Although the constant viscosity results are interesting in themselves they have very little to do with understanding magma transport in the form of diapirs. This is because a diapir rising according to Stokes flow would freeze after rising only a fraction of a sphere radius. It is for this reason that the 'lubricating' mechanism of temperaturedependent viscosity was invoked by Marsh (1978) to reduce the drag on a diapir. This might allow a diapir to penetrate significantly further than it could in a constant viscosity medium. In the next section we present the geophysically more important results involving the effect of variable viscosity on the motion of a diapir.
Temperature-dependent viscosity
As discussed previously there have been two recent attempts to quantify the effects of temperature dependent viscosity on the dynamics of diapirs involving an asymptotic (Morris 1982 ) and a laboratory approach (Ribe 1983) . In this section we describe our numerical results which provide a more quantitative description of this problem in the range of Peclet numbers from 0.1 to 100 and total viscosity variation up to a factor of lo5. Although we are using a numerical technique which has given very good agreement to constant viscosity analytical and asymptotic solutions it is nonetheless a good idea to include some checks on the temperature dependent viscosity calculations. Fig. 8(a) is a comparison showing the excellent agreement between a finite element calculation and a finite difference solution given in Daly (1980) for temperature-dependent viscosity convection in a square box with free boundaries. Richter, Nataf & Daly (1983) have run a series of laboratory experiments using the same strongly temperature-dependent viscosity fluid, Golden Syrup, which was used in the experiments of Ribe (1983) . In Fig. 8(b) the horizontally averaged temperature as a function of depth taken from one of the laboratory experiments is compared to a finite element calculation with rigid boundaries and the same viscosity function as Golden Syrup. Thus, the finite element technique used in this study can reproduce the results of temperature-dependent laboratory experiments to a high degree of accuracy.
Three numerical solutions of a sphere with a free-slip boundary moving through a fluid at a Peclet number of 40 and a viscosity function given by equation 1 with y = 0 , 2 and 4 are compared in Fig. 9 . The contours of radial velocity (Fig. 9b ) and vertical velocity (Fig. 9c) clearly indicate the development of a low viscosity deformation layer next to the hot sphere as the viscosity variation is increased as in the asymptotic results of Morris (1982) . At a viscosity variation of lo4 almost all of the velocity gradients are confined to a narrow layer which lies within the thermal boundary layer. In the tail region there is some deformation away from the sphere at y = 4. One explanation for this tail behaviour is that at a Peclet number of 40 the flow is close to the 'Stokes-like' regime described in detail by Morris (1982) and briefly below. However, the tail region of the flow contributes only an insignificant amount to the drag or heat transport and for all practical purposes the important flow is contained within the deformation layer for this solution. The temperature contours for these three solutions are given in Fig. 9(a) . The thermal boundary layer narrows somewhat at the forward hemisphere as y is increased from 0 to 4. Also the thermal tail behind the sphere noticeably widens at higher viscosity variations and this Peclet number.
Contours of temperature, radial velocity and vertical velocity are given in Fig. 10 for the free-slip case with a viscosity variation of 1000 and Peclet numbers of 0.1,4, and 100. These solutions depict the three different flow regimes found in the temperature dependent viscosity problem (Morris 1982; Ribe 1983) . At low Peclet numbers (Pe< 1) conduction with increasing Peclet number. At higher Peclet numbers, Pe > 50, the 'Stokes-like' regme is found where the drag again becomes approximately linear in ascent velocity. The numerical value of the drag is close to but less than the Stokes value up to the maximum Peclet number of the experiments (Pe = 100) in this regime. The drag decreases with increasing viscosity variation. In the 'Stokes-like' regime the deformation layer is too narrow to contain the entire volume of the fluid displaced by the sphere. From the velocity contours at Pe = 100, one can see the deformation spreading out into the isoviscous region beyond the thermal boundary layer.
The development of these three flow regimes as the viscosity variation is increased from 7 = 0 to 5 is depicted quite well in a plot of the non-dimensional drag versus Peclet number ( Fig. 11 ). An interesting point to be noted from the results given in Fig. 11 is that the dependence of the non-dimensional drag on Peclet number is independent of the stress boundary condition at the surface of the sphere. The only differences are in the conductive limit at Pe = 0.1. The effects of the cylinder walls are evidently important at this Peclet number. These results are in good agreement with the laboratory experiments of Ribe (1983) . However, the conductive limit was not found by Ribe since the laboratory experiments do not extend to Peclet numbers less than 1. At large viscosity variations only the forward hemisphere contributes significantly to the total drag. As shown in Fig. 12 , by the time that the viscosity variation is increased to lo4 at a Peclet number of 40 the normal force on the sphere in the back hemisphere is negligible compared to its value in the forward hemisphere.
The dependence of Nusselt number on Peclet number and viscosity variation is plotted in Fig. 13 . Over the range in Peclet numbers from 1 < Pe G 100 the variable viscosity flow is much more effective than constant viscosity flow at removing heat from the diapir. As the viscosity variation is increased beyond a factor of 100 there is only a small difference between a no-slip and a free-slip boundary. For large viscosity variations in the no-slip case the low viscosity layer next to the sphere apparently behaves in a manner similar to a free surface. It could be argued that this is a physically reasonable result. However, the rigid boundary results do not agree with the low Nusselt number (< 2.8) laboratory results of Ribe (1983) which even at large viscosity variations follow the no-slip curve. At this time we do not have any explanation for the discrepancy between our numerical results and the laboratory results of Ribe. However, our results for a Nusselt number dependence on viscosity variation are in excellent agreement with laboratory experiments performed by Ansari & Morris (1 983) in a larger experimental tank with a larger sphere radius than was used by Ribe. The results of Ansari & Morris, with the same size tank as Ribe, showed more scatter and no definite Nusselt number dependence on viscosity variation. Fig. 14 is an example of how the heat flux normal to the surface of the sphere times the surface element area, 2na2 sin O AO, varies as a function of angle, where AO is the angle subtended by a given element. This is a plot of heat flux for a free-slip boundary condition with a Peclet number of 40 and y=O, 2 and 4. The angle at which the maximum contribution to the heat transport is located appears to be relatively insensitive to viscosity differences. It varies from a value of 65", measured from the axis at the forward hemisphere, in the constant viscosity case to -61" when 7 = 4. It is also clear from this figure that the 676 total heat loss from the sphere is relatively insensitive to the structure in the thermal tail region. The contribution to the total heat flux in the back hemisphere decreases relative to the contribution of the forward hemisphere as the viscosity variation is increased. In the next section we discuss how the dependence on viscosity variation of the drag and Nusselt number can be parameterized and how these results might influence the motion of a diapir.
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Discussion
Following closely the analysis of Morris (1982) we define the parameter A to be the ratio of the volume flux outside the deformation layer to the flux within the layer:
where vo is the viscosity at the surface of the sphere. The deformation layer thickness, I, defined by Morris to be the e-folding length scale for the viscosity is given by:
The Nusselt number is related to the thermal boundary layer thickness by the following expression:
Nu -a/S, so that (29) can be rewritten as:
where the parameter E depends on the viscosity structure in the following manner:
In the limit of large A there are two possibilities, either the deformation layer is too narrow to include the entire volume flux or the viscosity contrast is low. In either case significant deformation occurs in the isoviscous region resulting in the Stokes-like limit. When A is sniall the flow is contained in the low viscosity layer next to the sphere giving rise to the lubrication limit with reduced values of the drag. Fig. 15 shows how the drag obtained in the numerical experiments depends upon A as defined by (32). We have only plotted results with viscosity variation greater than or equal to 100 where the boundary layer analysis is more appropriate than at low viscosity variations. Both rigid and free boundary conditions are included in Fig. 15 
The dependence on viscosity variation of the Nusselt number can also be parameterized over the range of the numerical experiments in terms of E (33). Nu of magnitude in viscosity variation to y = 10. If a 10 km diapir were rising through country rock with an ambient viscosity of cmz s-l, the increase in penetration over constant viscosity Stokes flow is a factor of -2.0 for y = 2 , 3.6 for y = 5 and 5.8 for y =lo. If the ambient viscosity of the country rock is cm2 s-' then the increase in penetration S. F. Daly and A. Raefsky would be a factor of 9.7, 4.6 and 140 respectively. However the scale height for y = 10 and v, loz4 cm2 s-l is less than the diapir radius of 10 km.
A single diapir obviously would have difficulty penetrating through a region in the lithosphere with viscosities of the order of cm2 s-* or greater. However, once a conduit has been established by preceding diapirs as suggested by Marsh (1982) diapiric magma transport could be self-sustaining if the ambient viscosity were low enough. If the viscosity of the conduit was reduced t o < cm2 s-l and if the viscosity near the surface of the diapir were 10 orders of magnitude less than this a diapir could penetrate a distance of several radii. This would allow penetration over a measurable fraction of the lithosphere.
The models presented in this study are of necessity incomplete. However, the quantitative results on the scaling of drag and heat transport with viscosity variation could be incorporated into more realistic models of magma transport.
